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Abstract 


All the possible CP-conserving non-linear operators up to the p*-order in the 
Lagrangian expansion are analysed here for the left-right symmetric model in the 
non-linear electroweak chiral context coupled to a light dynamical Higgs. The low 
energy effects will be triggered by an emerging new physics field content in the nature, 
more specifically, from spin-1 resonances sourced by the straightforward extension of 
the SM local gauge symmetry to the larger local group SU(2); 8 SU(2)g &U(1)p ;. 
Low energy phenomenology will be altered by integrating out the resonances from 
the physical spectrum, being manifested through induced corrections onto the left 
handed operators. Such modifications are weighted by powers of the scales ratio 
implied by the symmetries of the model and will determine the size of the effective 
operator basis to be used. The recently observed diboson excess around the invariant 
mass 1.8-2 TeV entails a scale suppression that suggests to encode the low energy 
effects via a much smaller set of effective operators. 
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1 Introduction 


A new scalar resonance [1,2] has been discovered in our nature at the LHC and experi- 
mentally confirmed as a particle resembling the Higgs boson [3-5], establishing thus the 
Standard Model (SM) as a successful and consistent framework of electroweak symmetry 
breaking (EWSB). The role of the Higgs particle in the EWSB mechanism signals different 
BSM scenarios. In one class of models, the Higgs is just an elementary scalar doublet 
linearly transforming under the SM gauge group SU(2), & U(1)y. Alternatively, the Higgs 
particle could emerge from a given strong dynamics at the TeV or slightly higher scale, 
and arising either as an EW doublet or as a member of other representations. Both cases 
call for new physics (NP) at the TeV scale and tend to propose the existence of lighter 
exotic resonances which have failed to show up in data so far. 

The alternative case assumes a non-perturbative Higgs dynamics associated to a strong 
interacting sector at A,-scale, explicitly implementing a non-linear symmetry in the scalar 
sector, and sharing thus a reminiscence of the long ago proposed “Technicolor” formalism 
[6-8]. No Higgs particle was present in the physical spectrum of such scenarios, only 
three would-be-Goldstone bosons (GB) were playing a role and with an associated scale 
f identified with the electroweak scale f = v = 246 GeV (respecting f > A,/4r [9]), 
responsible a posteriori for the weak gauge boson masses. There has been a revival in 
this direction relying on the fact that the Higgs particle h may be light as being itself a 
GB resulting from the spontaneous breaking of a strong dynamics with symmetry group 
G at the scale A, [10-15]. A subsequent source of explicit breaking of G would allow the 
Higgs boson to pick a small mass, much as the pion gets a mass in QCD, and developing 
a potential with a non-trivial minimum (h). Via this explicit breaking the EW gauge 
symmetry is broken and the electroweak scale v generated, distinct from f. Three scales, 
in addition to the strong interacting scale A,, enter thus into the scenario now: f, v and 
(h), although a model-dependent constraint will link them. The non-linearity strength 
is quantified by the ratio v?/ f?, such that f ~ v characterizes non-linear constructions, 
whilst f > v labels regimes approaching the linear one. 

In this work an EW strongly interacting sector coupled to the light Higgs particle will 
be assumed. Furthermore, motivated by the high energy regimes reachable at the LHC and 
future colliders, this work faces the hypothetical situation of non-zero signals arising out 
from some emerging new physics field content in the nature, more specifically, from spin-1 
resonances driven by extending the SM local gauge symmetry Gsm = SU(2), € U(1)y 
to the larger local group G = SU(2), € SU(2)r Q U(1)g-z (see [16, 17] for left-right 
symmetric models literature). The underlying framework employs a non-linear c—model 
for the strong dynamics giving rise to the GB, i.e. the WF and Zz longitudinal components 
that leads to introduce the Goldstone scale fz, together with the corresponding GB from 
the extended local group, the additional Wz and Zp longitudinal degrees of freedom and 
the associated Goldstone scale fg. Their transformation are customarily parametrized via 
the dimensionless unitary matrix U(x), more specifically through Ur(r) and Un(x) for 
the symmetry group SU (2); Y SU(2)r, and defined as 


Una (2) = “abla, (1.1) 


with TER) (x) the corresponding Goldstone bosons fields suppressed by their associated 


non-linear sigma model scale fy). Finally, this non-linear effective set-up is coupled a 
posteriori to a Higgs scalar singlet h in a general way through powers of h/ fy, [14], via the 
generic light Higgs polynomial functions F(h) [18] expandable as 


h h? h? 
Fh) = 12a F +b 5*9 (s) (1.2) 
The whole tower of linearly independent left, right and the interplaying left-right handed 
operators (LH, RH and LRH respectively) for the CP-conserving bosonic sector has been 
established! through [19] and it is summarized again for the purposes of our left-right 
model analysed here. Such scenario may be considered as a generic UV completion of 
the low energy non-linear treatment of Refs. [20-24] and [18,25]. Its physical impact has 
been studied by integrating out the right handed gauge sector from the physical spectrum, 
leading the RH and the mixing LRH operators to collapse directly onto the LH sector, and 
inducing therefore corrections weighted by powers of the parameter € = €Cc,Lr, with the 
scale ratio e = fz/fr and the coefficient cc, rg encoding the strength of the mixing among 
the LH and RH gauge masses. This feature leads to modify, consequently, the electroweak 
precision data (EWPD) parameters, the triple gauge couplings (TGC), hVV—couplings 
and the anomalous quartic gauge couplings (QGC). Corresponding allowed ranges for the 
involved coefficients will be also reported. 

The recently observed diboson excess at the ATLAS and CMS Collaborations around 
the invariant mass of 1.8-2 TeV will entail a scale fg ~ 6-8 TeV, leading to a negligible 
parameter € ~ 107* and suppressing therefore all the linear and higher e-effects induced 
by the RH and LRH operators. These effects could be enhanced either via larger strength 
of the coefficient cc, rg, or via NP effects from the right handed gauge sector around the 
EW scale f; together with a strength contribution of cc,;g around its maximal bound. 
It will be seen that the former scenario spoils the EW gauge masses, whereas the latter 
one points towards € ~ 107?. The set of relevant non-linear LH, RH, and LRH operators 
will be completely identified for the latter e-regimes and by disregarding: i) irrelevant 
LH operators with negligible physical impact on the observables considered for the AVV— 
bounds, ii) irrelevant operators for the non-linear realization of the dynamics and redundant 
for the massless fermion case; iii) operators without any direct contribution to the pure 
gauge and gauge-Higgs couplings. It will be shown also that the diboson excess suggests 
to parametrize low energy effects via a much smaller effective operator basis as the € 
suppression entails. 

This work is split into: Sect. 2 describes the EW effective Lagrangian following the 
light dynamical Higgs picture in [18, 19, 25, 29,30] (see also Ref. [31-33], and for a short 
summary on the subject [34]), focused only in the CP-conserving bosonic operators?, and 
providing all the LH, RH and LRH operators of the model up to p*-order in the effective 
expansion. The mixing effects for the gauge masses triggered by the LRH operators and the 


1This work completes the basis given in [26,27] for the left-right symmetric EW chiral models, it 
generalizes the work done in [20-24] for the heavy Higgs chiral scenario, and it extends as well the dynamical 
Higgs scenario [18,25] to the case of a larger local gauge symmetry G in the context of non-linear EW 
interactions coupled to a light Higgs particle. The CP-—violating counterpart has been analysed in [28]. 
?See [30,31,35,36] for non-linear analysis including fermions. 


corresponding gauge physical masses are analysed in 2.1. The effects by integrating out the 
RH fields are studied in 2.2. Sect. 3 describes the phenomenology implied by the model and 
the allowed ranges for the involved coefficients weighting the effective operators. Sect. 4 
comments on the recently observed diboson excess and its implications for the operator 
basis of our model, in particular on the relevant LH, RH and LRH operators for each one 
of the situations dictated by e. Finally, Sect. 5 summarizes the main results. 


2 Effective Lagrangian 


The underlying strong dynamics assumed for this framework entails effective NP departures 
with respect to the SM Lagrangian % and will be encoded through nira] as 


Lehiral = Lo + Lor + AZcp + A-Loprr. (2.1) 


Focusing only on the bosonic interacting sector, the first three pieces in hira] reads as 


1 v 1 V,a a V, a 

H=- q By BY — ¿We Wi" — a Gi 
2.2) 

f hy 
Y _¿L Y 
50, h)(O"h) — V (h) ZT(V£V,.i) UR E 
a py, a fr p h í 

Lon = Wa WE - (Vi Van) idc ea 


where the adjoints SU (2) r(ny-covariant vectorial Ve ry together with the covariant scalar 
Tyr) objects, are defined as 


Vi = (D"Urqay) Ug Tr = Ur 73 U ss (2.4) 


LKR) = 
with the corresponding covariant derivative for both of the Goldstone matrices Uz r(x) 
introduced as 


D*U ir) = OFU LR) + 5 JL(R) Win) T Urn) = 29 B" Urn) T’, (2.5) 


2 
with the SU(2)z, SU(2)r and U(1)g-z gauge fields denoted by W7", Wr" and B" corre- 
spondingly, and the associated gauge couplings gr, gg and g' respectively. The usual SM 
strength gauge kinetic terms canonically normalized, the h-kinetic terms and the effective 
scalar potential V(h) are present at % in (2.2). The WF and Zz masses (before consider- 
ing the corresponding RH and mixed LRH handed terms introduced a posteriori) and their 
couplings to the Higgs field h can be read from the last term in the second line of %. The 
custodial breaking p?-operator turns out to be strongly bounded phenomenologically, being 


thus left for the NP departures analysed later [25]. The scale factor of Tr (V7 V,, 1) entails 
GB-kinetic terms canonically normalized, in agreement with the U;~definition in (1.1). 
The corresponding SU (2) -counterparts for the strength gauge kinetic term and the cus- 
todial conserving operator are encoded at -%,r in (2.3), implying thus an additional scale 
fr that encodes the new high energy scale effects introduced in the scenario once the SM 
local symmetry group Gsm is extended to G. 

Operators mixing the LH and RH-covariant are also constructable in this approach via 
the proper insertions of the Goldstone matrices Uz and Ug, more specifically, through the 
following definitions [19] 


Vx = Uy V% U% T, = Ui T, Uy, Wo = Uy W” Ux, (2.6) 


where Wi” = We"*r2/2 (x = L, R) (see Appendix A.2). Non-zero NP departures with 
respect to those described in % + -%,r will be parametrized through the remaining last 
two pieces in Zenirar, i.e A-Zop and A-Zop pr. The former encodes all those effective non- 
linear operators made out of purely LH or RH covariant objects up to the p*-order [19], 
being split as 

ALop = A Zop.r + ALep.r (2.7) 


where the suffix L(R) labels all those operators set constructed out by means of the 
SU (2)r(n building blocks in (2.6). The contribution A.ZCp,; has already been provided 
in [18,25] in the context of purely EW chiral effective theories coupled to a light Higgs, 
whereas part of A.Zcp y and A.Zop r were partially analysed for the left-right symmetric 
frameworks in [26,27], and finally completed in the recent work [19] (for the corresponding 
CP-violating part see [28]). Both of the contributions A.Zcp and A.ZCp,g can be further 
written down as 


26 
AZ op r, = caPa(h)--cgPg(h)4- ` ci. P, rh) 123 ci. LP, rh) + cu Pg(h) +c HP, g(h) 
i—l 


i={W,C,T} 
(2.8) 
26 
AZor= M, cirPinlh) + M CorPinth) (2.9) 
i={W,C,T} i=l 


where cp, Ca and cj, are model-dependent constant coefficients, whilst the first three terms 
of AZcp z in (2.8) and the first term in (2.9) can be jointly written as 


2 
Palh) = -2 Gi, Gu" Folh) 


4 
2 
g a v,a 
Pw, x(h) = — Winx We? Fw, x(h) (2.10) 


with suffix x labelling again as x = L, R, and the generic F;(h)—function of the scalar singlet 
h is defined for all the operators following definition (1.2). Finally, the last two terms in 
the second line of A.Zcp 1 in (2.8) account for all the possible pure Higgs interactions, with 
the p? and p*-operators Py and Poy respectively as 


1 
V? 


(Oh)? Fon(h). (2.11) 


Pulh) = 5 (uh)? Falh), Pon = 


The set of 26 CP-conserving pure gauge and gauge-h non-linear operators encoded by 
P, L(h) (fourth term in A.Zop z, Eq. (2.8)) have completely been listed in [18,25]. On the 
other hand, the symmetric counterpart made out of the 26 CP-conserving operators P; p(h) 
(second term in A.Zcp g, Eq. (2.9)) were recently reported in [19]. In total there are 52 
non-linear operators, 38 of them (19 7; ; + 19 P;, r) had already been listed in [26,27], 
whilst 14 additional operators were found (7 Pi L + 7 P;,r) in [19] with respect to [26, 27] 
(seven of them, corresponding to x = L, were already reported in [18,25]). See [19] for the 
complete list of operators A.Zcp z and related discussion. 

Finally, AZcp Lr parametrizes any possible mixing interacting term between the SU(2) 
and SU(2)g-covariant objects up to the p*-order in the Lagrangian expansion, permitted 
by the underlying left-right symmetry, and encoded through [19] 


26 
AZLcpP LR = y Ci LRPirr(h) + ` Ci, LR Pigy,nn(h) , (2.12) 
i-(W,C,T) i=2, 04 


where the index j spans over all the possible operators that can be built up from the set 
of 26 non-linear operators P; in (2.8)-(2.9) (fourth and second terms respectively), and 
here labelled as jj, g (as well as their corresponding coefficients c;(;),1r). The first term 
in AZcp rg encodes the non-linear mixing operators 


1 —— uv TII 
Pw,ir(h) = =z 9L IR Tr (We Wa, n) Fw,Lr(h), 
1 aa eae 
Po, La(Rh) — 2 fL fr Tr (Viv, x) Fo, LR(h) ; (2.13) 


Pr rLa(h) = ; ft fr Te (T, Vi) Tr (Tr Vin) Fr, tr(h), 


corresponding to the “mixed” versions of (Pw, Po, Pr) in (2.10), with Pw, rg missing 
in [26,27]. The complete set of operators 7;;;;g in the second term of A.Zcp Lp have 
been fully and recently listed in the reference [19]. Both of the previously described CP- 
conserving contributions A.Zcp and A.Zcp r have been completely listed and studied 
in [19], whereas their corresponding CP-violating counterparts analysed in [28]. Notice 
that in the unitary gauge, non-zero mass mixing terms among the LH and RH gauge fields 
are triggered by the operator Po, rg, leading to diagonalize the gauge sector in order to 
obtain the required physical gauge masses. 


Non-linear approaches have already been linked to the linear effective scenarios explicitly 
implementing the SM Higgs doublet through [18,25], where all the operators in (2.8) were 
respectively weighted by powers of € = v?/ f?, in order to keep track of their corresponding 
operator siblings in the linear regime. In fact, operators in (2.2), and those in the first line 
of (2.8), as well as P;. 5,7, had been already pointed out in the analysis of the linear-non 
linear connection of the SILH framework [37,38]. Indeed, for the £-small limit, all the 
operators weighted by £"?? are negligible and the resulting Lagrangian is directly linked to 
the SILH treatment. Similar analysis has been recently done for the Higgs portal to scalar 
dark matter in the context of non-linearly realised electroweak symmetry breaking [39]. For 
the assumed non-linear scenario in this work, such linking between both of the EFT sides 
implies the corresponding left-right symmetric extension of the effective linear approaches 
and it is beyond the scope of this work. 

Furthermore, the transformation properties under the parity symmetry Prr of the 
mixing operators from A.Zcp La in (2.12) were analysed in [19]. In fact it was explicitly 
shown that a set of p'-operators, more specifically, Pis e), g(h), triggers the breaking 
of Pr, alike in the context of a general effective SO(5)/SO(4) composite Higgs model 
scenario [40], where Pr; was shown to be an accidental symmetry up to p^-order and 
broken by several p^-operators [40, 41]. 

An interesting feature of this scenario arises once the gauge field content W is inte- 
grated out from the physical spectrum at low energies. In fact, the RH terms encoded 
through the Lagrangian -Z,z in (2.3), will impact directly onto the left handed ones of % 
n (2.2). Similarly, the RH and LRH terms parametrized by A.Zcp, and A.Zcp rg in (2.9) 
and (2.12) will affect those ones from A.Zcp y in (2.8). These modifications will alter there- 
fore the effective couplings sourced by the whole Lagrangian .Zp + A.Zcp,r, specifically, 
the triple and quartic gauge boson couplings, as well as the gauge bosons-Higgs couplings. 
Non-zero contributions on the EWPD parameters S and T' will also be induced as it will 
be seen later. At higher energies, when the right handed gauge fields W7 are still playing 
a role, mixing effects among them and the left handed gauge field sector will be triggered 
by the Pcr in (2.13). Those effects are treated in the following section. 


2.1 Rotating to the physical sector 


At the unitary gauge, the non-linear chiral effective Lagrangian nira in (2.1) sources the 
following mass terms for both of the charged and neutral gauge sectors 


TN E dos " 
Leiva D WIE My Ww + zN; My N" (2.14) 


with the gauge basis defined by 


" Wis 
vor — BL E 3 
W, = | a ; N,2| Wee |, (2.15) 
Wer 
B, 


where the charged fields WẸ, are defined as usual 


1 “1172 
= Wis + WW 


Wix = V f x= L,R, (2.16) 
and the mass matrix for the charged sector written as 
walt 
= l4 6o, Tx CC, LR 
My = 4 2L fi i (2.17) 


— FCC, LR + (1+Cc,R) 


with the parameter A defined as 


2 
A= E ez fe (2.18) 
IR fr 


The corresponding mass matrix for the neutral sector reads as 


My = 
l+arz -—À A (1 Far Harr) 
i cw ES sis (aun fran) 
/ 1 12 2 
T (1 Fa for) Sem (arr i (14 an) "à (1 tar - Barret 8 (1+ an) 
(2.19) 
where it have been introduced the definitions 
QLR =CC,LR + 2CT,LR) Ax =CC, x= 2CT,x> X= bh. (2.20) 
The latter matrices can be diagonalized via the following field transformations 
Wr = Rw WẸ Na S Rn Na; (2.21) 
with the mass eigenstate basis defined by 
ME : 
Wie = W'- , Nn = Zu l a 
H 
Zi 
The rotation matrix for the charged sector in Eq. (2.21) is given by 
cos¢ —sin¢ 
A 
Rw = tan Ç = mle CC,LR ; (2.23) 


sin cost 


with the mixing angle Ç for the charged sector directly depending on the parameter A and 
the mixing coefficient cc, ;g. Expanding up to the order O(A?) in the limit fr < fr, the 
charged gauge masses are 


Mi 2 1d f (1 + Cot Co,R-— Ada) ; Mss As 195 f. (1 + COR P Acc.) ] 
(2.24) 
For the the neutral sector we have the real symmetric 3x3 matrix in (2.19), then an 
orthogonal rotation via the Euler-type angles parametrization is in order to diagonalize it. 
Such angles turn out to be the Weinberg mixing angle 0w and the analogous mixing angle 
Or for the SU(2) s & U(1) p. y sector defined correspondingly as 


9L gy 


cos Ow = cw = ————, sindy = sw = —————-, (2.25) 
VIL + 9% VIL + 9% 
/ 
cos ÔR = CR = ar dE sin ÔR = sg = 4 id (2.26) 


Vang? g VIE +g? IR 


where it has been employed in (2.26) the link among the SU(2);, U(1)g-z and the SM 
hypercharge gauge couplings as 


1 1 1 
pd e. Soe (2.27) 
Gr 9 gy 
The third angle ¢ can be linked to the latter two through 
BAC 
tang ~ COTE | (ety. (2.28) 
IR Cw 
The rotation matrix for the neutral sector becomes parametrized then as 
Sw c ME € scr 
Ry =| cwsr —SnSw CR (2.29) 
CRCw —CRSw —SR 


Expanding up to the order O(A?) (in the limit fr < fr) the neutral gauge masses are 


M2 M2, 
Mz = Gota), Mh} = TZ (1+an—2araske) (2.30) 


with tanfr = tg. The well measured Mz-mass strongly constrains the coefficient ay 
in (2.30), and therefore the contribution from the operators Pc, z(h) and Pr, z(h). Likewise, 
the My-mass bounds tightly constrains the contribution from Po, r(h) in (2.24). A mass 
prediction for the extra neutral gauge field Z’ can be inferred from (2.30) in terms of the W— 
mass and the RH gauge coupling gg via the mixing angle 0g in (2.26). In fact, interpreting 
the observed excess at the ATLAS and CMS Collaborations around invariant mass of 1.8— 
2 TeV to be induced by a W'-contribution, and assuming the coupling gg in the range 


gr = 0.45 — 0.6 as determined in [42] by comparing the W” production cross section to the 
CMS dijet excess [43], it is possible to predict the mass range 2.4TeV < Mz < 4TeV. A 
more detailed interpretation of the diboson excess via a left-right non-linear Higgs approach 
can be found in [44]. 

A higher energy scale fg points in general towards higher masses My» and Mz», addi- 
tionally entailing a vanishing mixing angle Ç among the charged gauge fields W7'; and Wr, 
as A — 0 (see Eqs. (2.15), (2.22) and (2.23)), neither a mixing among the set of neutral 
fields {W} z, B) with the field W; y (see Eqs. (2.15), (2.22) and (2.29)) and therefore right 
handed gauge fields directly linked to the eigenstate basis as WT, = Ww and Ws ge " 
Heavy right handed gauge fields can thus be integrated out from the physical spectrum of 
the model, triggering therefore physical effects that will be manifested at lower energies in 
the effective Lagrangian. Such procedure together with the induced effects it leads to, will 
be analysed via equations of motion for the right handed fields in the following section. 


2.2 Integrating-out heavy right handed fields 


From the equations of motion for the gauge and Higgs fields (Eqs. (B.1)-(B.3), Appendix B) 
it is possible to integrate out the RH gauge fields from the physical spectrum. In fact, at 
low energies one obtains from the EOM 


VE =-eVí, with €=€coLR (2.31) 
that can be translated into the unitary gauge as 


/ 
Wi, > —2ewt,, Wa > A A (2.32) 


IR IR 


After such field redefinition, all the couplings and operator coefficients will be shifted, 
affecting thus the final form for the TGV couplings, anomalous quartic gauge and gauge- 
Higgs couplings, and modifying as well the final expressions for the EWPD parameters as 
it will be seen in the next sections. The final Lagrangian at low energies, here denoted by 


aia With respect to Z4; in (2.1), will be given by 
X mr = Ly + Aor, (2.33) 
where the first component reads as 


H = 


1 1 1 1 
- qt og) Bu, BY — 5 owe Bw Te( TW”) = bag) Wa 7 qug 


a 5 (ah) (Əh) — V (h) — F n(ve V,) (: i a 
(2.34) 
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Hereafter the fields W7^" and V^ are properly relabelled as WP^^ — W*”% and VE — V^ 
(with gr, > g, g as SU(2)y-gauge coupling). The shifts in the strength gauge kinetic terms 
are encoded through the coefficients ag, «wp and aw, and defined by 


12 d 
QB = (1+8, QWB = 2 (1-226) (+8), aw = -2e (2.35) 
R 


and the scale f is given by the redefinition 


f = Tile rR (2.36) 


The EW gauge mass Mw strongly constrains the quadratic contribution of the LRH oper- 
ator Po rg(h) in (2.36) as 
— 0.02 < CC.LR < 0.02 . (2.37) 


Notice that a mixing term in the kinetic gauge sector is induced at low energies, driving 
thus additional effects when diagonalizing such sector, as well as a non-zero contribution 
to the S—parameter as it will be seen a posteriori. The second component in (2.33) is 
basically the Lagrangian in (2.8) but the gluonic operator Pg(h), and with the coefficients 
{cp, ci 4) properly redefined as (cp, cix} > 16p, Čix} in order to account for the induced 
effects after removing away the RH gauge fields from the physical spectrum. Table 1 
displays all the initial contribution c; from the LH operators 7; ;, (1st column) receiving 
a contribution from the RH 7; a (2nd column), plus a combination from the mixing LRH 
Pig) (3rd column), and for each one of the LH non-linear operators P; z (indicated at the 
4th column). The sum of the values at the first, second and third columns determines the 
coefficients €;;. It is possible to infer that for the limiting hierarchical case f; < fp at 
low energies, the set of non-linear operators 


(Pn, Pets Pr, Pi,L, P» r, PaL} (2.38) 


is sensitive to the contributions from both of the RH operators 


{Po,r, Pr.r, Pw,r, Par, Piz r} (2.39) 
and the mixing LRH set 


{Po LR, Prr, Pwr, Pao, Pra), P32), Pirog} (2.40) 


This will be of relevance for the EWPT parameters S and T, as they are sensitive to the 
effects from Pz and Pry, respectively, being thus a testers of the emerging NP effects 
after removing the RH gauge field content. Furthermore, the triple gauge-boson couplings 
y W*W- and W* W- Z (TGC) will be also sensitive to the induced effects. In particular, 
the vertexes Wr W, V'". with V = (y, Z}, will receive non-zero contributions from both of 
(PiL, Pa,L) as it will be shown later. Likewise, pair gauge bosons-Higgs couplings will be 
affected too. In fact, the vertexes (F,,F""h, Z,,Z""h, F,,Z""h, Z, Z" O,h, Z, FY dh}, 
and (WIW"h, Z,Z"hj will depend of linear combinations of the operators in (2.38). Addi- 
tional contributions from the mixing LRH operator Po, Lpr are also found for the interacting 
terms (WIW"h, Z,Z"h), as it will be described in the next sections. 
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PiL Tig Pig),.LR i 
B CW,R — AC, — 4c12,r + €? (cw,r — 4c12,R) + E B 
‘ + €(2cw,r — 4c1,r — 8c12,R) 
BE € cin EC ER W 
Ci, L CLR [-2C0,LR) —2CT,LR) {C, T} 
= 2 z 
ciL | $(—2cin + cw,n — Ac13,R) + $ (ew,r — Aci», n) © (4c12) — wr) + 3 (4e120) — Cw,LR) I 
1 e 
E E 3 2€ +c L1 +e + 
Ci,L > (2ci,n + ¢3.R+ 2c13,R) + e (c3,R + 2c13,R) 2 ( 13(2) se) 2 ( 13(4) s) 2 
—§ (2 (7&3 + eis) + C2(1)) — 630) + Ca(a)) 
CL =e CLR ge (e) a Cia) — € (cia) + cis) 3, 13 
aL E (ai, RCiR + 017,RC17,R) — € D C17,R euo C17(2) + E C17(2) 4 
GL E F Ci R e Ci(1) — € op Ci(2) 5, 10, 17, 19 
m FE (ciate) 3 
CiL € Ci R f € Ci(3) € Ci(4) 6, 26 
CL e zx Ci R EO Ci(1) 7,25 
2 on a) 
Ci,L E TUN Ci,R Em Ci(1) 8, 20, 21, 22 
Cat E CR EC) 9, 12, 15 
m], € Ci R g (c 1) + G2) + ci(5)) = €Ci(3) = E Ci(4) 11 
e e Gg —€ (cia) + ci) + Ci(5)) + € (eig) + Gita) + 69) 14 
E -E Cir —€ (ca) + a) + ei) + (ei) + ei + ei) 16 
| ai; (äta) + ea) aia) + i646) + 
Ci,L -e m Ci.R 2 18 
: Haz (Cono) + caia) + c(t) 
—€ (es) + ce) — € (ei) eie) + 
Ci,L € CLR E 23 
+E (eia) + eig) + G) 
—€ (eig) + &i)) — € (aa) 6) + 
Ci,L € CLR E 24 
+2 (eia) + eig) + G(r) + xy) 


Table 1: The initial coefficient c; ; from the LH operator P; z (1st column) receives a con- 
tribution from the RH P; r (2nd column), plus a combination from the mixing LRH Pit), LR 
(3rd column), and for each one of the P; y (4th column). The sum of the values at the first, 
second and third column defines the redefined coefficients č; z after integrating out W$ from 
the physical spectrum. The parameter € stands for € = ecc, La with e = fr/fm. 
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The contributions to the LH operators in Table 1 are weighted by powers of the parameter € 
introduced in (2.31). Two quantities control thus the low energy effects induced by the RH 
and LRH operators: i) the mixing coefficient cc; through the custodial mixing operator 
Pc.Lr(h); ii) and the scale ratio e = fr/fr. In general f; < fr, therefore the small range 
of cc, rg additionally suppresses the e-effect. Nonetheless, sizeable linear e-effects will arise 
contributing to the LH operators for a cc; around its maximal bound together with NP 
effects not far above the scale fz as it will be analysed later. 


3 Low energy phenomenology 


To analyse the physical impact and the low energy effects sourced by removing the heavy 
right handed gauge fields, it is necessary to establish the observables that will be set as 
the parameters input of the model. The renormalization procedure accounting for this is 
described in the following section. 


3.1 Renormalization scheme 


Before integrating out the gauge fields W$ and with fermion masses neglected from the 
beginning, the SM-like Lagrangian % in (2.33) (SM-like for the case of ag = awg = 
aw = 0) contains five electroweak parameters {gs, g, 9”, v, A}, with the last one as the h 
self-coupling. The following set of well-measured observables serve to constrain such set of 
EW parameters and defines the so-called Z-scheme 


e Strong coupling constant a,, world average [45], 

e Fermi constant Gp, extracted from the muon decay rate [45], 

e Fine structure constant o4, extracted from Thomson scattering [45], 
e Gauge boson mass mz, extracted from the Z lineshape at LEP I [45], 
e Higg mass m, now measured at LHC [46, 47]. 


Expressions depending on the parameters g, 9”, v (and e) or the weak mixing angle Ow will 
be arranged as combinations of the experimental inputs above. In fact, the electric charge 
e, the weak mixing angle 0w and the vev scale v can be defined as 


2 4 - 2 0 1 1 (1 AT Oem ) ue 2 1 (3 1) 
€ =4TQem ; sin == = SS 8 ; v= ; a 
n od V2G rm3 V2G y 


and therefore the couplings g and g’ as 


€ € 
= fx . 3.2 
9 sin Ow y cos Oy ie) 


Working in the unitary gauge to analyse the impact that the couplings of A.Z¿p in 2.33 
have on %, it is straightforward to show that the set (Pp, Pw., Pa, Pa, Par, Pis) 
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introduce corrections to the SM kinetic terms, and in consequence field redefinitions are 
necessary to obtain canonical kinetic terms. Among the latter operators, (Pp, Pwr, Pc} 
can be considered innocuous operators with respect to Yo, as the impact on the latter of cp, 
cw,r and cg can be totally eliminated from the Lagrangian via field and coupling constant 
redefinitions that will impact on certain BSM couplings in AY involving external scalar 
fields. Implementing canonical kinetic terms, it is then easy to identify the contribution of 
Aor to the input parameters”: 


dQem 
2 am a 
POE Ae" (Či 1 + C121) — Sow Owe, 
em 
ô = 2.2 (3.3) 
mz Sow CT,L 2- € Cw . 
— = twee 260g 2 C12,L + 


where the Fermi constant and the Higgs mass are not corrected by the operators contri- 
bution at tree level, and linear terms in the coefficients awp and 6; have been kept. All 
other SM parameter in -nirai can be expressed in terms of the input parameters described 
above as described in the next. 


W mass 


Including the effects from the operators in A.Zcp in (2.33), the predicted mass departures 
with respected to the mass value in (2.24) as 


2 2 2 2 
a _ CwS2w das = Ow f e (a0 E d ni) TS ens] . (3.4) 
W Cow Cow Sw 
Hereafter the compact notation encoded through the coefficients cw, sw, cow and say will 
stand for cw = cos Ow, sw = sin Oy, cow = cos (20w) and sow = sin (2 Oy) respectively. 
Notice two different terms contributing in (3.4): one accounting for the effects of integrating 
out the RH fields via awp in (2.35), and one more accounting for the combined effects 
from the non-linear operators themselves plus the integration-out of the RH fields, via 
the redefined operator coefficients {čr L, Cir, Gio,r}. From Table 1, the coefficient Cr. 
receives direct contributions from the set {cT L, Cr.r, Cr.Lry, whereas for the hierarchical 
case fr « fr (with g' < gr), €1 L receives relevant contributions from the LH operator 
7, 1 plus a combination from the LRH set (Pw.rg, Pi2(1)). The coefficients ¿12,1 only gains 
contributions from 7?» 1. So, all in all the W—mass prediction turns out to be sensitive to 
the operators set 


{Pr L, Prr, Pit, Pro, Pryor) Pwr, Pre) (3.5) 
At the hierarchical limiting case the mass variation in (3.4) becomes 
AM? c2 4c 
n =~ CT,L — 2 CT,LR + CT,R — e? Acn — — C12,L — Cw,LR + 4C12(1) , (3.6) 
My Cow Sw 


where {cT LR, Cw,LR} are correspondingly the operator coefficient of {Pr LR, Pw.rr} in (2.13), 
whilst cj2(1) is the corresponding one in (2.12) for Pi2(1),1f (see Appendix A.2). 


3Following the convention in [18,25], BSM corrections for the input parameters will be generically 
denoted by “5”, whereas the predicted measurable departures from SM expectations will be indicated by 
«A? . 


14 


S and T parameters 


Integrating out the right handed gauge fields together with the non—linear operators lead 
to the tree-level contributions to the oblique parameters S and T 48], as 


Qem AS = 2 sow awa — 8€ CLL and Qem AT = 2 čr L. (3.7) 


Notice from (3.7) that only the S-parameter is sensitive to the effects of the RH fields 
integration via awg. Furthermore, combined effects from the non-linear operators plus 
the removal of W contribute to S via the redefined coefficient €, ,. For the hierarchi- 
cal case fp < fr (with g' < gr), Č, receives relevant contributions only from the set 
{Pi p, Pw, rn, Pir2(1),L ej. In this case the S-parameter reduces to 


1 
Qem AS = —8 e? (e. = 4 WLR + 2) : (3.8) 


The set of custodial breaking operators (Pr, r, Pr. n, Pr, rg) contribute to T via the coef- 
ficient čr z. From Table 1 the T—parameters turns to be then 


c Qem AT =2 (crt + CTR — 2cr.LR) . (3.9) 


The experimental values S = 0.00 + 0.10 and T = 0.02 + 0.11 [45] allow to infer the rough 
order of magnitude estimates (cir, cw.rr, C120). ~ 107? and {cr L, err, Or aj ~ 107° 
respectively. More precise ranges for all these coefficients can be derived from a global fit 
to the EWPD parameters as it will be seen in the next sections. 


3.2 Triple gauge—boson couplings 


a The final effective operators contained in A.Zcp, weighted by the redefined operators coeffi- 
= cients (Cp, €; x}, give rise to triple gauge-boson couplings y W+ W” and W+ W” Z (TGC). 
e These couplings can be generically described through the customary parametrization [49] 


a -ilat vaa A 4 ev WW Ay VW Ws + 
IWwv miy 
— igh A?" (W*a8,W,; —W,O,.W,T) Vo + 96 (8,W*"W-" — OW "W*")V, p, 
(3.10) 
where V = (4, Z) and gwwy = €, gwwz = ecw/sw, and Wi, and V,, standing for the 


kinetic part of the implied gauge field strengths. Electromagnetic gauge invariance requires 
gi = 1 and g} = 0, and in consequence the CP-even TGC encoded in (3.10) depends in 
all generality on six dimensionless couplings gf, g£, gg 2 and kyz. Their SM values are 
gf = Kk, = kg = land gf = gd = gf = 0. Couplings A, z turn out to be vanishing up to 
the p*-order for the non-linear treatment assumed in here. As long as CP-even bosonic 
p*-operators are considered, a non-vanishing contribution for such couplings is turned 
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on. Additionally, the couplings gf. have been introduced to account for the contributions 
associated to the operators containing the contraction D, V^, with its corresponding 0, V^— 
part vanishing only for on-shell gauge bosons. When fermion masses are neglected, such 
contraction can be disregarded? in the present context (see Appendix B). 


TGC || SM Integrating Integrating + Operators 
Z EE dla _ della. — swat) Y t8: 
gi 1 ws QWB zaw (Orn T 4e | Cran — m rm 
c e x A x A x 
Ky 1 sw QWB -a Qa - 265 1 + & p, + 412,1 + 2613.1) 
1 m m 2 
" 1 -SW g e2 e +3) ó12,1+ó3,1+213,1 2L | 22L | | erp 
Z 2cow WB "E ! Cow ! cy 2 Cow 
e2 En 
95 = = Em C14,L 
y e? xs 
96 = az si. C9,L 
Z 2 [ 4C16,L C9,L 
% | - S T 


Table 2: TGV couplings from the Lagrangian “rey in (3.10) following standard convention in 
Ref. [49]. The total TGV coupling (1st column) is made out of: the usual SM contribution (2nd 
column) + additional effects after integrating out the fields W$ (3rd column) + the combined 
terms yielded by the RH fields removal and the non-linear operators all together (4th column). 


The set of TGC parametrized through -rav in (3.10) are listed in Table 2 (1st column), 
being split all of them into their corresponding SM contribution (2nd column), the addi- 
tional effect after integrating out the gauge fields W$ (3rd column), plus the combined 
terms accounting for the combined effect by removing the RH fields and the non-linear 
operators via redefined coefficients (4th column). From Tables 1-2 and the operators set 
in (2.38)-(2.40), it is inferred that 


e The TGC set [gf, ky, Kz} depends, among others, on (6, 1, &,r), being sensitive 
therefore to the contributions from {Pw LR, Pisa), Paca), Pise} for the hierarchical 
case as it was mentioned before. 


e No effects are induced onto the TGC set {g%, gd, gë} after integrating out the 
RH fields, only the combined effects from the removal plus the non-linear opera- 
tors through the redefined coefficients. No RH operators neither LRH mixing ones 
contribute to them. 


^For a general discussion on possible “off-shell” vertices associated to d = 4 and d = 6 operators see 
Ref. [50]. 
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3.3 Quartic gauge-boson couplings 


The quartic gauge-boson couplings (QGC) can be parametrized in the following Lagrangian 


Leavy = gl 


Iwwww 


Wi WH WwW’ W, 


2 2 
2 OO ae (w; we) +F gzzzz (Z" Z,) F 


— SVvww V" V, WIW” + ggpww VOW wiw” — DE A" Z Wi W” + 


+ (pwz AZ WIW + he.) + iwz 


go EW A, Zo 
(3.11) 


where again V = (y, Z}. All these couplings are gathered up in Table 3, where a similar 
splitting for each one of them is done alike to the previous TGC case. Likewise it is inferred: 


QGC SM Integrating Integrating + Operators 
(1) 1 cw sey fi e? (44, €1, 1 +caw ((cow —8)612, 1 — 263, 14611, —4013,1 )—ĉ12,1 ) _ Sw ert 
Iwwww 2 cow CWB 2cow 5d, l Beowsdy 
(2) 1 _ cw Sy " e? sty či pF (cau —1) (4€?612, p, Tr, 1 ) -8e?e2w (263, L 266, L +211, 8612, p 461,1) 
Iwwww 2 aw CWB 16caw 57 
2 E E E es ES 
gzzzz = = Tak (Con +11, + 2 (Cos, + Č24,L + 2€26,1)) 
(1) 2 Sow 1 
Dor WW Si -ies QWB e dos (4e? & L + ČT L) — 16e? ciy 612, L 
(1) c _ 2ew sy 4e? sh él L e s2wOI2,L + 203,1 + 4(é6,1 +323,1) Ch EPL 
IWW ZZ Ww cow B cow cow SW sow caw 
(2) s? — hw a 1 {s2 (4e? & nd ) — 4e? (4d re + cowe ) 
IW W Ww Tezy CWB Tew | $2W LL T,L wC“12,L 2WC9,L 
1 4e? (sp, ¿1,1 ch, é12,1) ES 
2 F Cy Cr,L |+ 
g 2) d 2ewsW y caw sw 
WB y " ~ 3 x " 
WWZZz W cow Le? siyo,L | 4(é11,1+02,L) + Ach, 012, L—283,1 3 2616,L 
| a, ee “a a 
(1) (caw+3) sty 1 2 SWOLL  CwC12,L 3 ~ 4e?čs L 
Iwwz 82W 2:3 CWB caw Ve (Caw + 3) cw sw + 2ey swer,z } — “sow — 
1 (e 4cowd3,L w ((caw+3)312,1+2%16,1) 
(2) Lg (Caw +3) 82, a 2cow sow sw 
IWWZ anne Acow WB sw ((caw+3)%1,1+2(c2w 00,1 +816,1 )) Loc x 
+ ee E 2Cyy SWCT,L 
(3) _ B 2er 
Üwwz S2w 


Table 3: QGC values from -gev in (3.11). All the couplings are split as in Table 2. 


e All the QGC, but {gzzzz, wa have a dependence on {čr z, Č}, and thus on 
the contributions from {Pr R, Pr.rn, Pw.rn, Pi») for the hierarchical case. 


e The set {gzzzz, wr depends only on the combined effects through the corre- 
sponding redefined coefficients in Table 3, being sensitive to the LH operators only. 
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3.4 Triple gauge—h couplings 
A Lop gives rise to the cubic gauge-Higgs interactions, here encoded in the Lagrangian as 
1 
Livy = RU "ht gaz Zu Z"" h + g IM RUIT ES Tem weeh+ 
+ 9972, Z" Oh + G2, 0^Z, Z" Bh + 99,2, FY Oh + (a Ww" Wi avht hc.) $ 


m - O owt wa ie + gO, 0" Z, 0" Z, h + gow PW 8,W" ht 


=P anew WIW"h + Div Wi W" Uh + oe ZyL*h + Ug ZZ" h) : 

(3.12) 

Table 4 collects a a couplings. All them have Da contributions after as out the 

RH fields, but ges. 99), whereas the set tar 9, $n ume UM is sensitive 

to the Operators {Por; Pwr, Pin Pin; Prnt and {Pc tr; Pr.LR, Pw.LR, Pra) for the 
hierarchical case, according to the involved coefficient dependence in Table 1. 


hVV | SM Integrating Integrating + Operators 
1 1 E " m a 
9. E m —ie (àw, — 4 (i, + 412,1) +45) 
(1) E u 1,2 [ Gy (Gw,L—4á12,L) -- aps, 
9hzz 5€ a + 441,1 a 
(1) EN m 2 cw (4á12,L—áw,L) | 4cow 41,1 üBSw 
Iyhz s Sw Sow cw 
(1) _ _ 88 
Ünww sz, OWL 
(2) — = e? 244,L üs,r +2417,L 
InZZ c P 
(2) 
Ü nz -= = -zE (244,1 + 45,1 + 2417,1) 
(2) i u - oe 
Inww = Q5, L, 
3 4e2 íx T 
ds -= = Em (d10,r, + 2419,L) 
4 zx 
25 E = 2 si. (d, L + 2415,1) 
(3) gl 
Ünww — — = 33, 010, 
(4) 2e2 ~ 
Hww || — = - dg. L, 
(5) 2 2 2 ~ ~ 4e?cw sow G12,1, 2= - 
ww | 2€w  —2ews2wawB Ciy | (do, — €c,L) sh + SE OLEd-20p4. — CH 
(6) 2e? ~ 
— = = 37 Q7,L 
Inww s2, 07, 
5 1 x E - (Gyan x 
Ws 1 S2W OW B 2 (=2%0,1m + üc,L — 24r,1 + 8e ( E à) cu) 
Ww 
6 4e? 2 & 
ee = = er (G7, +2495,1) 


Table 4: Triple gauge-Higgs couplings from yvy in (3.12). The notation à; stands for 
à; = C; aj, with c; the redefined operator coefficients and a; from the F(h)-—definition of (1.2). 
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3.5 Current operators bounds 
3.5.1 S and T parameters bounds 


The parameters S, T', U are precisely obtained through a global fit to electroweak precision 
data, resulting in the current values and correlation matrix [45] 


AS = 0.00 4 0.10, AT = 0.02 + 0.11, AU = 0.03 +0.09, (3.13) 


1 0.89 —0.55 
p-| 08 1 -08 |. (3.14) 
—0.55 —08 1 


Tree-level contributions from the sets (Pi, r, Pw. rng, Pia), ray and (Pr, L, Pr. n, Pr. rn] 
are generated for the S and T' parameters correspondingly (see Eqs. (3.8)-(3.9)). The 
95% CL allowed ranges for their corresponding coefficients were found in [25], and can be 
translated in here, according to (3.7), as 


n awgX4x10? and -2x10 < črs <1.7x107™°. (3.15) 
e 
Through the redefined coefficients in Table 1, allowed ranges for each one of the involved 


coefficients in (3.8)-(3.9) are obtained from (3.15) and are shown in Table 5. 


—4.7x 107°? < & z- 


Coefficients || Ranges (95% CL) 
QWB —0.0017, 0.002 
eur —0.0047, 0.004 
CT,L —0.002, 0.0017 
CT,R —0.002, 0.0017 
CT,LR —0.0008, 0.001 
CW.LR [-0.016, 0.018] 
C120) —0.0047, 0.004 


Table 5: Bounds at 9596 CL for each one of the operator coefficients in (3.8)-(3.9) obtained 
from (3.15) (via Table 1). The bound for o yg and for each one of the coefficients involved in 
the definition of & z, i.e [ci 1, Cw,Lr) C12(1) ), are obtained by setting to zero the rest of them 
in (3.15) (1st inequality). The same comment applies for (cr. L, CT R, Cr,LR} (2nd inequality). 


The constrains in Table 5 signal small contributions of the operators (1, 1, Pw. rg, P2), LR} 
and (Pr. L, Pr. n, Pr, rg) to the gauge-boson self-couplings and to the present Higgs data. 
Consequently they will not be included in the following discussion. 


3.5.2 TGC bounds 


Bounds for the TGC can be determined from the two-dimensional analysis in Ref. [51], 
which was performed in terms of the induced variations of the couplings &,, gf and Kz. 
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Such variations are corresponding in this scenario to the sum of the values at the 3rd and 
4th columns in Table 2, here denoted as Ak}, Ag? and Arz respectively, and satisfying the 
relations in Appendix C. From the two-dimensional analysis in Ref. [51] it was obtained 


ky = 0 0841 5 and gr 1004 y (3.16) 


with a correlation factor of p = 0.11. The corresponding 90% CL ranges for the coefficients 
co, and c3, from the TGC data were also found, traded here by €» 1 and €z 1, and finally 
translated to the coefficients shown in Table 6 (via Table 1). Finally, notice from Table 2 


Coefficients || Ranges (90% CL) 
nm [—0.12, 0.076] 
T [—0.064, 0.079] 
€3(2) [-0.24, 0.152] 
C13(2) [—0.12, 0.076] 


Table 6: Bounds at 90% CL for each one of the operator coefficients (¿2 1, Cs), being 
translated into bounds for [cz 1, c3, and {c3(2), C13(2) } according to Table 1. 


that gZ is generated by the operator Py4,, only. The best current bounds on this anomalous 
TGC come from WtW- pairs studies and W production at LEP II energies [52-54]. 
Furthermore, the strongest limits on gZ originate from its impact on radiative corrections 
to Z physics [55-57]. In Ref. [25] were reported the available direct and indirect limits on 
gf. The 90% CL region from indirect bounds [55-57] turns out to be gf € [—0.08, 0.04], 
and translated into the corresponding bound for 74 ;, as? 


Ci4L € [—0.04, 0.02] . (3.17) 


No extra terms contribute in the hierarchical limiting case to the coefficient cj4,7. However, 
linear «effects would arise from NP not far above the EW scale (e ~ 1) and for a LRH 
mixing strength from Po pr close to its maximal bound in (2.37). These contributions and 
their constrains will be analysed later. 


3.5.3 Bounds on AVV couplings 


In Ref. [25], the operators set (Pa, Pp, Pw, Per, Pu, Par, P5,L | were bounded from the 
constraints of the Higgs data on AVV-couplings. Notice from Table 4 that all them con- 
tribute to some of the listed AVV couplings. The set (Pz 1, Po.L, Pio, } was not included 
in the parameter fit as they do not entail a physical impact on the observables considered, 
whereas the operators set (Pio r, Pizr, Pio, Pos) does not contribute relevantly for a 
non-linear realization of the underlying dynamics (see [25] for further details). 


"These limits were obtained assuming only a non-vanishing gZ while the rest of anomalous TGV were 
set to their corresponding SM value [25]. 
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The analysis relies in two operator subsets: in the first one, Pc. is neglected, whilst for 
the second one its contribution is connected to that of Py. Furthermore, the sensitivity 
of the results to the sign of the h-fermion couplings, e.g. syh (QLUYQQr + h.c.), is also 
considered by performing the analysis with both values of the discrete parameter sy = +. 
The detailed discussion on the performed six-parameter fit, and the implied chi-square 
analysis using the available data on the signal strengths u, by accounting for the data 
from Tevatron DO and CDF Collaborations, as well as from the LHC, CMS, and ATLAS 
Collaborations at 7 TeV and 8 TeV for final states yy, W^W-, ZZ, Zy, bb, and 77 [58-71] 
is referred to the reader in [25] and [72,73] for details on the Higgs data analysis. 


Coefficients Ranges (90% CL) Ranges (95% CL) 

cH [—0.66, 0.66], [—1.1, 0.49] [—0.5, 0.6] 

in —0.50, 0.21 —0.30, 0.25 
CWL —0.12, 0.51 —0.12, 0.37 
ChE, —0.47,0.14 —0.35, 0.12 
CS.L —0.33, 0.17 —0.13, 0.12 
CWR —0.50, 0.21 —0.30, 0.25 
an [-0.053, 0.13] [—0.062, 0.075] 
ion [-0.053, 0.13] [—0.062, 0.075] 
C17(2) (0.47, 0.14] [—0.35, 0.12] 


Table 7: 90% and 95% CL allowed ranges (2nd and 3rd columns) for the coefficients 
len, CB, Cw,L, Ca,L, CL] {CWR C1,R, Ciz, RJ. and C17(2) contributing to Higgs data. The 90% 
CL ranges for cy correspond to the two analysis in [25] and for both signs of sy, whereas the 
reported ranges for (cw.r, C4,L, C5,L } are basically the same for both of the operators subset 
and for both values of sy. The 95% CL ranges correspond to the recent SFitter analysis in [74]. 


The 90% CL allowed ranges for the coefficients (cy, àg, dw.L, ü4,r, G5,,}° can be straight- 
forwardly obtained from the corresponding ones in [25]. The latter ranges can be translated 
(via Table 1) into ranges for the coefficients (cy, Cp, Cw,L, Ca,L, CL Y, {CW,R, CR; Co, Ry and 
C17(2), Shown in Table 7. The recent SFitter analysis for a non-linear framework in [74] al- 
lows us also to obtain the corresponding 95% CL allowed ranges collected in Table 7. As 
suggested in [25], the sensitivity to the coefficients (cg, Gp, dw.L, ŭ4,L, 45,,} can improve 
by a factor O(3 — 5) with a similar analysis, according to the expected uncertainties acce- 
sible in the Higgs signal strengths from ATLAS and CMS at 14 TeV, and for an integrated 
luminosity of 300 fb~! [75,76]. Consequently, a similar sensitivity improvement is expected 
for all the coefficients in the Table 7, as they are linked to the redefined coefficients through 
the relations in Table 1. Finally, the 95% CL ranges from the SFitter analysis are a bit 
constraining with respect to the 90% CL ranges in Table 7. 


S The corresponding bound for the gluonic operator coefficient ag, not listed here neither written down 
in the gauge-higgs Lagrangian of (3.12), can be read off from [25]. In addition it has been assumed 
a; ~ O(1) in the definition à; = 6; aj. 
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In summary, the current bounds from the EWPD analysis for the S and T' parameters, 
as well as the TGC and hVV-couplings bounds, have allowed us to constraint at the 
thousandth level the coefficients in Table 5 (few percent level for cy, a), at the 10% level 
those in Table 6 (percent level for cz, ), and at 10% (percent level for (cim, ci»,n]) the 
coefficients in Table 7. Finally, through the aforementioned experimental current bounds 
we have obtained bounds for the coefficients weighting correspondingly some of the RH and 
LRH non-linear operators, more precisely, those ones contributing to the LH operators after 
removing the right handed resonances from the physical spectrum and for the hierarchical 
case fr < fr. From the Tables 5- 7 and the bound in (2.37), we have constrained the 
following RH and LRH operators 


Pra, Pwr, Pir, Pian) {Po Lr, Prr, Pwr, Poo Pia), Piso, Piro}, 
(3.18) 
so all in all are the same operators as in (2.39)-(2.40), but Pc,r. The latter turns out to be 
tightly constrained (up to Mi, /Mj,,-corrections), together with Po,r, by their correspond- 
ing contributions to the charged and neutral resonances masses My and Mz, respectively 
in (2.24)-(2.30) as 


cor € [—4.6,4.6] x 1075, Car € [-3.2,3.2] x 1074. (3.19) 


3.5.4 Anomalous quartic couplings 


Among the operators contributing to the quartic gauge couplings in (3.11) shown in Ta- 
ble (3), some of them were previously bounded either from EWPD constrains, TGC bounds, 
or limits on hVV couplings. The remaining five operators giving rise to the purely QGC 
vertices {P6 L; Pii p, Po3.L, Pas p, P26,L} (through their redefined coefficients), are indi- 
rectly constraining from their one-loop contribution to the EWPD derived in Ref. [77], 
where it was shown that the five operators correct a AT while render aAS = «AU = 0. In 
Table 8 are reported the indirect bounds from Ref. [25] in terms of the implied redefined 
coefficients, that were determined via the oblique parameters in (3.15). 


Coefficients | Ranges (9096 CL) 
"m" [-0.23, 0.26] 
C11,L [—0.094, 0.10] 
eax [—0.092, 0.10] 
EU [-0.012, 0.013] 
Bes [—0.0061, 0.0068] 


Table 8: 9096 CL bounds on the anomalous QGC from their 1-loop contribution to the 
EWPD [25], assuming only one non-zero operator at a time and for a cutoff A, = 2 TeV. 


On the other hand, anomalous QGC are directly testable at the LHC via three vec- 
tor bosons production (VVV) or in vector boson fusion (VBF) production of two gauge 
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bosons [78]. The best limits come out from the VVV —processes at lower center-of-mass 
energies, whilst the VBF channel dominates for the 14 TeV run [78-82]. For a 14 TeV at 
the LHC, the coefficients 66,7, and €11 , can be constrained by their combined impact on 
the VBF channels pp > jjW*W- and pp > ¡i(W+W* + WW), where j stands for 
a tagging jet and the final state W’s decay into electron or muon plus neutrino. In [80] 
were reported the 99% CL bounds on these coefficients as cg, € [—0.012, 0.01] and 
cii, € [-0.0077, 0.014], for an integrated luminosity of 100 fb-!. These limits are not 
significantly improved after including the pp > jjZZ channel [81]. 

It is worthwhile to comment that for the hypothetical scenario of no LH operators, but 
only RH and the mixing LRH ones, there will be still contributions to the aforementioned 
couplings. This is due to the fact that low energy LH operators are effectively turned on 
once the RH gauge fields are integrated out, feature that is directly reflected in Table 1. 

Notice that no extra operators contribute in the hierarchical case to the coefficients in 
Table 8. Additional terms contribute to them for a non-small parameter e and a mixing 
coefficient ccr ~ O(1) though. NP effects not far above from the EW scale would point 
towards a non-small ratio e = f;/fr, feature that seems to be favoured by the diboson 
excess observed at LHC. Such excesses and the impact they entail in our scenario will be 
analysed in the next. 


4 Comments on the diboson excess at LHC 


Tantalizing deviations from the SM predictions have been recently reported by the ATLAS 
and CMS Collaborations around invariant mass of 1.8-2 TeV. They can be interpreted via 
a W’ contribution, and are summarized as: 


a) 3.40 local (2.50 global) excess in the ATLAS search [83] (CMS reports a slight excess 
at the same mass [84]) for a heavy resonance W’ decaying as W' > WZ => JJ, 
where J stands for two colinear jets from a W or Z—boosted decay; 


b) 2.80 excess in the CMS search [85] for a heavy RH boson W” decaying into an electron 
and RH neutrino N, as W’ > Ne > eejj; 


c) a 2.20 excess in the CMS search [86] for W' + Wh, with a highly boosted SM Higgs 
boson h decaying as h > bb and W > £v (with £ = e, y); 


d) a 2.10 excess in the CMS dijet search [87]. 


Many scenarios have been proposed in order to account for such excesses. Among them, 
the left-right EW symmetric model, based on the gauge group G = SU(2); x SU(2)p x 
U(1)s-z [16,17], seems to address properly the observed excesses in all the mentioned decay 
channels. Indeed, the WZ excess (item a) and Wh excess (item c) can be tackled [42,88,89] 
via W' > WZ, Wh, as the implied couplings arise naturally in these models (see [90] for 
some alternative explanations of the diboson excess). The eejj excess (item b) can be 
understood [42,91-93] through the process pp + W’ > Ne > eejj [94], and for a charged 
gauge boson mass My, ~ 2 TeV, with gr < gy at the TeV-scale [42]. Finally, the dijet 
excess (item d) may simply be yielded by W’ — jj. 
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It is straightforward to translate a W’—boson mass nearby 1.8-2 TeV, into our parameter 
space. Employing again the W’ mass formula in (2.24), we obtain 


n 

For a coupling gg in the range gg Y 0.45 — 0.6 [42] we find the SU (2) & breaking scale fp ~ 
6-8 TeV, entailing thus a ratio e = fr/ fg ~ 0.03 — 0.04 for fr around the EW regime. The 
small range for cc, rg in (2.37) leads then to a negligible parameter € ~ 10~*, suppressing 
as a consequence all the linear and higher e-effects induced by the RH and LRH operators 
onto the LH ones, according with the redefined coefficients in Table 1. Such effects could be 
enhanced either via larger strength contributions from the custodial mixing LRH operator 
Pec rg(h), or via NP effects from the right handed gauge sector around the EW scale fr. 
The former scenario goes against the range in (2.37), spoiling thus the EW value in (2.36). 
The second possibility points towards e ~ 1, then € ~ 0.02 for a strength contribution of 
Po rg(h) around its maximal bound in (2.37), and triggering therefore linear «effects. In 
particular, all the LH operators sector in (2.10) and the LH basis in (A.1), will be sensitive 
to ¿contributions from the LRH operators, whereas the operators 7 ;, and P, L will have, 
in addition, extra e-terms from some RH operators. This is schematically shown in Table 9, 
where the set of operators sensitive to the mentioned effects are collected for both of the 
€-cases. 


E~ 1074 E~ 107? 
{Pp, Pot, Prt, Pin, Pan, PaL} (Pa, Pox, Pri, Pw, Pit} 1=1,...,26 
R | (Pon, Prag, Pwr, Pir, Pi2,r} (Por, Pr.r, Pwr; Pir, Par, Pin; Pin) 


Perr, Prr, Pwr, Pam, P3(2-4), P51-2), Pe(a), 
LR Por; PT LR, Pw, LR, P302), P7-9(1); P1002), Pi), Pri, Pi3(24)» P,3,5); Pisa) 
Piza) Piso P17(2) P3346). Pira» P18,3,5) Pig(-2), Pao-22(1), P23(3,6) 


P24(3,6), P250), P2603) 


Table 9: LH operators (2nd row) sensitive to the RH and LRH operators (3rd and 4th rows) 
after removing the RH gauge field, and for both of the hierarchical case € ~ 1074 and €~ 10? 
(1st and 2nd big columns). The operators collected here follows the redefined coefficients in 
Table 1. A TeV-charged resonances accounting for the observed diboson excess points towards 
€ ~ 1074, and then 5 RH operators and 7 LRH ones contribute to 6 LH operators (1st big 
column & 2nd row). NP effects from the right handed gauge sector around the EW scale fz 
favours € ~ 1, then € ~ 0.02, and consequently 7 RH operators and 43 LRH ones contribute 
now to 30 LH operators (2nd big column & 2nd row). 


As it was mentioned before for the bounds on the hVV couplings, the operators set 
UPz p, Po. i, Pio, | was not included since their physical impact on the observables con- 
sidered is negligible, while the set (7155, Pi; 7, Pio, Pas, entails no relevant contri- 
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bution for the non-linear realization of the dynamics [25]. In addition, the operators set 
{Po L, Piot, Pisi, Pr6,L, Pig 21,1). becomes redundant for the massless fermion case via 
EOM [25], while the set [Pg,L, Pis,L, P20-22, y does not contribute directly to any of the 
couplings listed previously. Consequently, when € is not negligible, the additional terms 
contributing to each one of these operators (LRH according to Table 1) can also be disre- 
garded. From all these considerations it is concluded that the set of 20 LRH operators 


(Pza), P1o1-2), Pirej Pisa P16(1,4,6)> P17(1)> Pisas) P19(1-2), P20-22(1), Pasa) (4.2) 


can be disregarded’ for a non-small parameter e. By implementing the currents ranges 
that were obtained from EWPD bounds, TGC limits, AV V-couplings constrains and QGC 
bounds in Tables 5-8 respectively, it is possible to limit as well the additional emerging 
operators for a non-neglible € via the redefined coefficients in Table 1. This is shown in 
Appendix D Table 10, where all the corresponding coefficients ranges for both of the RH 
or LRH operators are collected and compared with respect to those previously reported for 
the hierarchical case € ~ 1074. It is possible to conclude from Table 9 and the set in (4.2), 
that 7 RH operators and 23 LRH ones can be bounded through the obtained allowed ranges 
for the case of € ~ 107?. 

The hypothetical scenario of larger strength contributions from the operator o.rg(h) 
(€ ~ 1), will drive all the RH and LRH operators in (A.1) and (A.7)-(A.9) respectively, 
to contribute onto all the LH operators sector in (2.10) and the LH basis in (A.1). The 
following set of 12 RH ? and 27 LRH operators 


[P7_10,2, Pis 16,5; Pig—22,R; Pose} (4.3) 


(Pza), Pio(1-2), Pisa,3) Pisa), Prisa) P170), Pisci-6), Pi91-2), P20-22(1), Pes) (4-4) 


can be disregarded and being possible to constrain therefore 17 RH and 48 LRH operators. 
The corresponding coefficients ranges for the remaining operators are also gathered in 
Appendix D. Some remarks are in order: 


e The ranges for cpr and crr are unmodified as they are insensitive to additional 
e-corrections (see Table 1). 


e The corresponding percent and 10% level ranges for {c1 R, C12,r, Cw,Lr y and {c3(2), ci3(5] 
respectively, become slightly modified for € ~ 107? with respect to the hierarchical 
case, reaching correspondingly a precision of the thousandth and percent level for the 
hypothetical case € ~ 1. 


e The ranges of order O(1— 10) for {c4,R, ciz, n) and [Cs(1-2), C63), C11(3), €23(3,6) } When 
€ ~ 107?, become smaller and around the 10% level for € ~ 1. Similarly, the ranges 
for (co(1), C3(3-4)) turn out to be more precise and constrained at the percent level. 


"Nonetheless the contributions from the Piu), Pisc2,4) and P17(5) enter also through 7,7, P2,, and 
P4. r, respectively, being constrained then by the corresponding bounds on the latter LH operators. 

PR» Pi3,r and P17 r enter through Py 1, P2,1 and 4 r respectively, being then constrained by the 
corresponding bounds on the latter LH operators. 
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e The ranges for c45( are all at the thousandth level, slightly modified for € ~ 107? with 
respect to the hierarchical case, and becoming half of the range for € ~ 1 compared 
with the one for € ~ 107+. 


All these remarks lead us therefore to establish the number of the most relevant set of 
non-linear LH, RH, and LRH operators for the three different e-scenarios. Quantitatively 
one has 


£104 £107 end 

LH | 16 (13) 16 (13) 16 (13) 

RH | 5 (4) 7 (6) 17 (12) 

LRH | 7 (5) 23 (21) 48 (41) 
Total 28 (22) 46 (40) 81 (66) 


In parentheses it has been pointed out the number of remaining operators after neglect- 
ing those ones with a corresponding coefficient bounded at the thousandth level. All the 
remaining operators can be easily identified by keeping track of their corresponding coeffi- 
cients in Appendix D Table 10. 


5 Conclusions 


In the hypothetical situation of discovering non-zero NP effects at the LHC and future 
colliders, an effective Lagrangian description would be necessary in order to parametrize all 
the physical signals detectable at low energies. In this work such NP scenario is pictured by 
the existence of spin-1 resonances sourced by the extension of the SM local gauge symmetry 
Gsm = SU(2); & U(1)y up to the larger local group G = SU(2), & SU(2)rR & U(I)B_L, 
here described via a non-linear EW dynamical Higgs scenario, and up to the p*-order in 
the Lagrangian expansion. 

The left-right framework provided here can be considered as a generic UV completion of 
the low energy non-linear treatment of Refs. [20-24] and Refs. [18,25]. Its physical impact 
has been analysed by integrating out the right handed gauge sector from the physical 
spectrum, leading the RH and the mixing LRH operators to collapse directly onto the LH 
sector, and inducing therefore corrections in all the effective pure gauge and gauge-Higgs 
couplings. These corrections are entirely parametrized in Table 1 via the weighting powers 
of € = ecc, rg, with the scale ratio e = f,/ fg and the coefficient cc; encoding the strength 
of the contribution from the mixing operator Poga(h). This feature leads to modify, 
consequently, the EWPD parameters (Eqs. (3.8)-(3.9)), the TGC (Table 2), hV V—couplings 
(Table 4) and the anomalous QGC as well (Table 3). Corresponding allowed ranges for 
the involved coefficients have also been reported through Tables 5-8 respectively. In the 
hypothetical scenario of no LH operators, but only RH and the mixing LRH operators, 


26 


there will be still contributions to the aforementioned couplings. This is due to the fact 
that low energy LH operators are effectively turned on once the RH gauge field sector is 
integrated out, feature that is directly reflected in Table 1. 

The recently observed diboson excess at the ATLAS and CMS Collaborations around 
the invariant mass of 1.8-2 TeV entails a scale fg ~ 6-8 TeV, leading to a negligible 
parameter € ~ 1074 and suppressing therefore all the linear and higher e-effects induced 
by the RH and LRH operators. These effects could be enhanced either via larger strength 
contributions from the custodial mixing operator PcLr(h), or via NP effects from the 
right handed gauge sector around the EW scale fr together with a strength contribution 
of PeLr(h) around its maximal bound in (2.37). The former scenario spoils the EW 
value in (2.36), whereas the latter one points towards € ~ 107?. The set of relevant non- 
linear LH, RH, and LRH effective operators have been completely identified for the latter 
regimes and by disregarding: i) irrelevant LH operators with negligible physical impact on 
the observables considered for the ^V V—bounds, ii) irrelevant operators for the non-linear 
realization of the dynamics and redundant for the massless fermion case; iii) operators 
without any direct contribution to the pure gauge and gauge-Higgs couplings listed above. 

The hypothetical case of larger strength contributions from Pc, rg(h) would point to- 
wards € ~ 1, enhancing therefore additional contributions from the RH and LRH operators, 
and required thus an effective basis of 81 operators in total = 16 LH + 17 RH + 48LRH 
(or 66 neglecting irrelevant ones = 13 LH + 12 RH + 41 LRH). The small range for cc.Lr 
leads to € ~ 107?, requiring thus a smaller number of effective operators of 46 opera- 
tors = 16 + 7 + 23 (or 40 without irrelevant ones = 13 + 6 + 21). The diboson excess 
around the invariant mass 1.8-2 TeV entails a suppression of € ~ 1074, and therefore the 
low energy effects will be encoded via a much smaller effective basis with 28 operators 
in total = 16 + 5 + 7(or 22 relevant = 13 + 4 + 5). The set of remaining operators are 
identified by their corresponding coefficients in Table 10. A more detailed interpretation of 
the diboson excess it is also possible via the left-right non-linear Higgs approach studied 
here and it can be found in [44]. 
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A Operators list 
A.1 G-extension of Zo + or: A-Zop 


The complete linearly independent set of 26 CP—conserving pure gauge and gauge-h non-linear 
G-invariant operators up to the p*-order in the effective Lagrangian expansion, and encoded 
by P; L(h) (first term in the second line of A.Zcp, L, Eq. (2.8)) have completely been listed in 
Refs. [18,25]. The symmetric counterpart of Pj L(h), ie. Pi,r(h) (second term in A.Zcp, n 
of Eq. (2.9)), are 52 non-linear operators in total, among them, 38 (19 Pj L(h) + 19 Pi, n(h)) 
had already been listed in Refs. [26,27]. The whole tower of operators making up the basis 
UPi, L(h), Pi, r(h)) is given by: 


Pi x 9,9 Buy Tr(T, wy) Fix, Par = Ge axes Tr(Ty vi) T(V* wer) Faw 
Poy =ig' Bw Tr(Ty vis vx]) £y; Pis. = (ER D,V?)) Fx 

Pax — ig Tr WHY [Vi xo Vx) Foo Pis; "B [Visa] DIVE) TE Ty VE) Figs 
P, = ig! By, Tr(T, VE) OF a, Par, = ig, (T, Wh") TT, vs) Fir, x 
Ps, y = i gy Tr WEY Vix) UF 5.x: Pis. = Te(T, | Vi, vE] ) mmy Vax) 8/73. 
Pox = (TV. x vey)" Tisi Pirs Tr(Ty DV") abe vx) Fa. 

Pr = Tel Vig VE) OO Faxes Pao, x = Tel Vio x VE) O Foo XO" Fi, x 

Ps y = TVE VE) 8578,07, Par, = (TT, vi) O, Far, x Fha, 

Po,x = Te( (D, Vt Ó Fox Pas, x = (Tr(T, V4) Fax) > 

Pro, x = Te (VY D, VE) Fio. P, = De Vi, Vt) (a( 1, v2)) Fea, 
Puy = (n(vtvz)) zu. Posy = (ve VE) m(m, Vinx) TT Vinx) Fas 
Pro = 92 (TT, We") Zu. P», x = (Tr(Ty vio) 0,0" Fas, v, 


2 
Pis. = ig, Tr(T, WHY) Te(Ty [Vio xo Vua] Fix, Pos (Tr(T VE) Tr( Ty VZ)) Fa, 

(A.1) 

with Wi” = We" 7*/2. In red color have been highlighted all those operators already listed in 

the context of purely EW chiral effective theories coupled to a light Higgs in Refs. [18, 25] (for 

x = L) and not provided in the left-right symmetric EW chiral treatment of Refs. [26,27]. In 

Eq. (A.1), D,, denotes the covariant derivative on a field transforming in the adjoint representation 

of SU(2)L, and defined as 


DEVY = VY + igx WE, Vy], X= LAR. (A.2) 
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A.2 SU(2), — SU (2)r interplay: A.Zcp,rn 
The local rotations induced by the group G are 
L(x) = ea1 ot (0). R(x) = er oR), Uy (xz) = esa) (A.3) 


with af p(z) and a? (x) space-time dependent variables parametrizing the local symmetry trans- 
formations, and the Goldstone boson matrices U z(p) transforming locally as 


U, > LU,UL, Ur > RUg U} (A.4) 


The adjoint vectorial and scalar quantities MT R) and T;(g behave covariantly under the trans- 
formations in (A.3) as 


v^ LVEL, Vh RVR, and | Ti LT;zL!, Tu RTgR!. 
(A.5) 
Therefore, the introduced objects in (2.6) will correspondingly behave as 


(O vi => Uy V/ UL, vh Uy Ve UL, and T; > Ut T; UL, Tg Uy Tr UI, 

e (A.6) 
allowing thus to construct out explicit operators mixing the left-right handed covariant structures 
Vi R) and T¡(r) Similar reasoning applies for the strength gauge fields Wr R) [19]. In here are 
listed the operators P;j.r,g(h) (second term Eq. (2.12)) where the index j spans over all the 
possible operators that can be built up from each P; ,(h) in Eq. (A.1) (with associated coefficients 


cis). Ln). The complete set of operators Pi) j s(A) listed as: 

N Pam = ig! By Tr (T; [vi Ve) Fata) Pius = Te (Tr, Va) nou Tr (T; Vax) Fii 
Psa) = tg, Tr (wr Ke m Vy, r|) Fag); ¿A T CAH Dy VE) Tr (Tr v, D Fees 

= Pao ciet (WHY [To To.) Foe Pu = Te (fs, FD, 4) T (Ti Ti, 1) Foe 
Ps) = igr Tr (wr ke mm r|) Fas) Pia ton Te (T; we") Tr (Tr V, D 8, Fira)» 
Pacs) = ign Tr (wi Ke LV, r|) Fd Pg = ton Tr (Tr WE") Tr (t. V, 1) Fina) 
Psa) = igr Tr (Wwe V, D 8, Fs); Pun = Te (T; Vi, Vil) Tr (Tr V, D a Fiat: 
Ps — ign Tr (wg Van) 8, ss; Dia TE (Tr Vi. Vial) Tr (T; VL) Oe Fines, 
Pec) = (v (vi v, R)) Fay; Bia Te (T, Vi, Vial) Tr (Ty Vy.) A Fis) 
Poa) = Tr (Vi V, 1) Tr (Vi V, R) Faja Pian =T (Tr Ve, Val) Tr (Tr V, D OF isa) 
Pa) = Tr (vi MD Tr (vi v, R) Foe: Pius sse (T. Vi, Vial) Tr (Tr V, n) 9 ist) » 


29 


e € cC € 8 S E E e € &8 
& B & © A A Q8 QR (8o & SA 
. i E E Re ee Re RE © Ow 
e ZEE. ME: . ee yg ee uet Tos i la 
00 . . N TO Bon pan x X = s x X X ï x X X X Y = 
K £ 8 e E S gg» ^ E se > > Bo» FP o» o£. Ẹ 
= ey E EC Be ce ed 8 ce fa E fa fa 53 es 
2 č d n dB = "S S d og, 5 See ew ee we ae 0B 0B) S 
Y E x a H e [S N VY odi N a NYS icai dl NY | odi pu Lt, bred D 
5 8 9 A 2 HM ER 6 E RANDE Ë HB E E E ÉE B8B HB g 
> ae sJ a Z7 © am an oo os a aN PES PTS SA ARA BSN AA AS ES 
SEE > D E — tp > ay aN > > aM ne a a i i E m e m" 
iE e em i “ar ce a > ^ ce a > i i & i = i i i 4 
ST ad 06) Fee eH (BO a 2 IB, GB o mo a o eo» o» o 
E XE AS N ce mb * BA AA A A ea S - S Es S S ea ce 
— = R 3B je E M ~ H é OA UB me IB ttt tt 
Pare - E DD Ús e Mil A H = uu E SS AS — ML M LM 
as Ve—— eS " " E m = A = E 4 E E E 
> SQ am — B EB o — mg A HB E E E E E = 
E > > v A ae S il RR E E Nena ae c — 
SU 3 2 > aN aN = i x i 3 3 3 ay as AM as aes as as as aN 
LL € dd >» X de & db © ds le d de de de de do a 
[aed - [ael = J - aN ae aN ae aN aN aN aN ae aN ae aN aN aN aN J 
tH A 1d EE - > 2 1! i> i» ow: 2 ^ 5 2 i! » 5 2 iB 
poe m bod Se — Ner o Ner — >=. nS” — Ner — Ne — nS” o — n=” — boe 4 
5E 6 B&B B&B B BH O BA BA B E O B B B E B B&B B B B O 
II II II II II II II II II II II II II II II II II II II II II II 
Kej -= N = m = n N e st 10 Ke) r- unl N oD st 10 © r- 00 — 
Ef Ef Ef z = m Ei Ef Ei 2 Ef Ef Ei x x x x x x x x Mf 
unl Lag A e e N N N N N N N N N N N N N N N N N 
a a a a a a a a a a a a a a a a a a a a a a 
3 a e. E 
S 8 X 3 
SOM E KĘ M LI A = = 
2m oem oae A Ss 8 E E&E E B 
>= a ag tg E A 3 ^ z 3 = 
pd 5 PH = E, X X Y X HS E Y E, Y R, 
E z e Y e ee > > > > n~ ra — ca £— oa 
= = z = < z is is b 9 is 8 
Icd = = K z y es 3 J BE ay ar ay are are ay 
KS > D gqE a6 osa QS gi | dE E dm FE 
A = i> i> > AQ yee AM "E ae 
x > a = ^ X X X x iB Rd H e ae i ah ah ae ae 
PS LOS S nu € A AO AA X die - 
NES TF ® - S S c e E 3 e a E ls iib E z E ES z E 
> » Ge $ E E, = i i A = E E E Ei eS aO EN S uem utm 
— à a ES à E > i> > > AS am “sy “sy a8 “an 30 
= 2 E ue 9. Oe ou € Weng Heu Uu cR Ao UR wo ox dues A A ie 
E O à BR — — SI - 2 E = iE in is Xa 3h fc H ES e » E 
— o — Qo sam ay 2 E ` de" d i | (S IE IBS IBI | AA BA 
ce ce = > > A COS ra CI "as " S ML E NY NLS NS NY 
= 3 e Q 3 3 > AM AM aX ae iE 2 4 - = a = 4 
ay Q Q > > > > — NE iE iB iE E E E EB B E 
> > > > iM = o NS Na ss NS b b b 6 b b 
2% say ay "NE = i> xd A OS dm E = = E " & $ & & & & 
> 0 © a i» d» —— o 5 i > e E E E E = à B 3 à 3 
AC RH 4 É E I B B B E So af X © S S A S S & 
E E E E 
ll l i i Il II II II II II II II II II II II II II II II II II 
a T T T [3 = io T T T O © T T o> © O © 
cu = = E E 5 = x = E" U N 85 85 85 a = = = = = E! 
Ko) ~N 00 [e] v- m 4 4 4 | | ii 4 4 4 { 4 4 4 4 4 4 
a a a a a a FAQ NA"'0AJ)1A87>" AIYRUILEQ & a a a a a a a 


(A.8) 


30 


3) = Tr ( Tr, VY] D,V$) Tr (Tr Va R) Jie(3); Pasa) = Tr 


7 (A.9) 
with DAVE R) following a similar definition as in (2.6) 
V —qjt 
Du Wt yy = Ul Du Vi) Urm) (A.10) 


and the explicit light Higgs dependence is implicitly assumed through all F; and Pij), ur . Suffix 
LR in all Py), Lr(h) and their corresponding Fig) Lr(h) has been omitted as well in Eqs. (A.7)- 
(A.8). Among the total 75 operators 7j listed in Eqs. (2.13)-(A.8), 23 operators (highlighted 
in red color again) are missing in the left-right symmetric EW chiral treatment of Refs. [26, 27]. 


B Equations of motion 


Some of the CP-conserving bosonic operators provided above can be directly traded by pure 
bosonic operators plus fermionic-bosonic ones [18,19,25]. Such connection is established through 
the covariant derivative D, V* and the corresponding equation of motion for the light Higgs. 
When fermion masses are neglected, operators containing D, VY can be written in terms of the 
other operators in the basis A.Zcp and A.Zcp,rg. Additionally, via light h-EOM, operators 
with two derivative couplings of F(h) can be reduced to a combination of bosonic operators 
plus fermionic-bosonic ones. In general, all those operators must be included to have a complete 
independent bosonic basis. 

Considering the LO Lagrangian % + .Zo,n described along Eqs. (2.2)-(2.3), and accounting 
for the mixing effects from the LRH operators Po,Lr(h) and Pw.rg(h) in (2.13) (the effect of 
Pr.rn(h) can be neglected), the EOM for the strength gauge fields Wr and B", and for the 
light Higgs h, are correspondingly 

0-7, — kinetic 


(n.i) cano, (lay Yum) + Sa - 


) 2 
l v a T a wa h 
J ILR) Uto, i (View T ) + co, LR fL fa Tr (Ui, T Ur Vh) \ (1 + z) 
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0-7 + hinetic 
ð BYY y ——— - 
pe TT SB, 


_ 19g m(T; vi) + fk Te(Tr V&)| + fL ÍRCC,LR (Ta V1) + Tr(T, V&)]Y (1 + = 


(B.2) 
ôV (h) LY ukawa 
h+ ME ERE 
— d 2 H 2 m h fe Hy h 
2 fr /2m(vt Vaz) + f Tr( V Vyr) 1+ f + cc La Z Tr(VE Vo, x) Ch : 
B.3 


where the fermion dependent part of the EOMs has been generically encoded in the third, second, 
and third terms at the first lines of Eqs. (B.1)-(B.2)-(B.3) respectively, as no explicit kinetic 
fermion terms nor Yukawa interactions were accounted by -Zepira) in (2.1). From Eqs. (B.1)-(B.2) 
it is derived 


Ln (fR cc, LR fr) (TaD, VE) +(Reo L)| (1 £ ) = 


=e » (fL co,rR fr) Te(Tz vi) F(Lo n) Ouh (: + h ) = o (ee) | 
(B.4) 


[fra m PANES) + cc, LR friz) Tr (Uia T" Urn) DiVES) \ (1 + Aj = 


| i Muay (n Viw) P: Teo, LR fra) Tr (Ui; 7" Ung IVa Vuro] ) j ( E 5) j 


t " Sü Oh h 4i 0-27 kinetic 

2 CC, LR fri) Tr (Uis T'Ur(n Ve) fr (1 + =) ILR) frag Ok OW? y ) , 

(B.5) 

where the last terms in Eqs. (B.4)-(B.5) can be translated into Yukawa terms via implementation 

of the corresponding Dirac equations. As it can be seen from the relations above, operators 

containing the contraction D,, Vip can be translated into fermionic-bosonic operators plus pure 

bosonic ones, with some of them containing the contraction D, V^ (from the second terms in 

the left hand side of Eqs. (B.4)-(B.5)). Furthermore, by using the light Higgs-EOM in Eq. (B.3), 

those operators with two derivative couplings of F(h) can be also rewritten in terms of pure 
bosonic ones plus fermionic-bosonic ones. 
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C (De)correlation formulae 


Some of the non-linear operators in (2.8), (2.9) and (2.12) contribute to more than one of the 
couplings in Tables 2-4. Therefore, a set of relations relating different couplings are possible. For 
the TGV sector one has 


2 2 
S 8e és de 

Akz + AR, - Agí = > Qr si); (C.1) 

W W 

y Cy Z e? m 
Agg + — Ag = -7 C16,L > (C.2) 

S S 
Ww W 


while other examples of relations involving hV V—couplings are 
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W 2w 
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where the variations in the left hand side of (C.1)-(C.2) and (C.5)-(C.7) are corresponding in 
this scenario to the sum of the values at the 3rd and 4th columns in Tables 2-4. The induced 
effects encoded through oy p cancels out in (C.1). By linking non-linear approaches to the linear 
effective scenarios explicitly implementing the SM Higgs doublet [18,25], and via powers of the 
weighting parameter v?/f7, it is realized that the right-hand side of Eqs. (C.1)-(C.7) correspond 
to v+/f#-weighted terms in the non-linear Lagrangian. They would vanish if: a) the d = 6 linear 
limit?; ii) in the v?/ f?—truncated non-linear Lagrangian; iii) in the custodial preserving limit. 
The first two relations with a vanishing right-hand side where already found in Ref. [95]. Non-zero 
deviations from zero in the data combinations indicated by the left-hand side of those equations 
would point towards either d = 8 corrections of the linear expansion or a non-linear realisation 
of the underlying dynamics. 


D Operator coefficients bounds 


By implementing the currents ranges that were obtained from EWPD bounds, TGC limits, hV V- 
couplings constrains and QGC bounds in Tables 5-8 respectively, it is possible to limit as well 
the additional emerging operators for a non-neglible € via the redefined coefficients in Table 1. 
Table 10 collects all the corresponding coefficients ranges for both of the RH and LRH operators. 


%Eq. (C.1) with vanishing right-hand side was already known to hold in the linear regime at d = 6 [96,97]. 
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~~ 10 4 E~ 1077 evi ento €~ 107 ¿En 1 
[-3.2, 3.2] x 1074 [-3.2, 3.2] x 1074 [-3.2, 3.2] x 1074 — — [—0.094, 0.1] 
[-0.002, 0.0017] [—0.002, 0.0017] [—0.002, 0.0017] [—0.053, 0.13] [—0.049, 0.12] [—0.001, 0.001] 
[—0.50, 0.21] [-0.47,0.21]  [-0.0047, 0.004] = - [—0.06, 0.038] 
[—0.053, 0.13] [-0.05,0.12]  [-0.004,0.0047] = - [—0.02, 0.04] 
- — [-0.12, 0.076] — [-4,13.4] [-0.14, 0.47] 
— — [—0.079, 0.064] — — [—0.092, 0.1] 
= [-4, 13.4] [—0.14, 0.47] - = [—0.012, 0.013] 
Z — [—0.33, 0.17] = z [—0.006, 0.007] 
z — [—0.23, 0.26] 

[—0.02, 0.02] [—0.02, 0.02] ~1 Š [-0.58, 1.1] [—0.02, 0.04 
[—0.0008, 0.001] [—0.0008, 0.001] [—0.0008, 0.001] = — —0.04, 0.02 
[-0.016, 0.018] [—0.015, 0.018] [—0.008, 0.009 = [-0.58, 1.1] [—0.02, 0.04 

— [—2.2, 3.4] —0.076, 0.012 — — —0.04, 0.02 
— z —0.064, 0.079 [-0.47,0.14] [—0.45,0.13] [—0.24, 0.07 
[-0.24, 0.152] [—0.23, 0.14] —0.079, 0.064 — — —0.09, 0.1 
— [-2.2, 1.8] —0.079, 0.064 — z —0.09, 0.1 
— [—4.3, 6.8] —0.064, 0.079 — [-2.8, 2.6]  [-0.1, 0.09 
— [-4.8, 9.4] —0.17, 0.33 — z —0.1, 0.09 
— [—4.8, 9.4] —0.17, 0.33 — — —0.1, 0.09 
— = —0.23, 0.26 — [-2.8, 2.0]  [-0.1, 0.09 
— — —0.23, 0.26 — — —0.09, 0.1 
= [—7.4, 6.6] —0.26, 0.23 = - 0.012, 0.013 
z = —0.26, 0.23 — - 0.012, 0.013 
- = —0.094, 0.1 = [—0.37, 0.34] [—0.013, 0.012 
= = —0.094, 0.1 — = —0.013, 0.012 
- [-2.8, 2.7] —0.1, 0.094 = - 0.013, 0.012 
z = —0.1, 0.094 - [—0.37, 0.34] [—0.013, 0.012 
= = —0.094, 0.1 = = —0.012, 0.013 
[—0.0047, 0.004] [—0.0045, 0.0038] [—0.002, 0.002] — - 0.012, 0.013 
[—0.12, 0.076]  [-0.11,0.073]  [-0.06, 0.038] = = —0.006, 0.007 
- [-2.2, 3.4] [—0.038, 0.06] — = —0.006, 0.007 
— [—0.58, 1.1] [—0.02, 0.04] - [—0.19, 0.17] [—0.007, 0.006 
- — [—0.04, 0.02] — — —0.007, 0.006 


Table 10: Allowed ranges for both of the RH (upper row) and LRH operators (lower row), for 
€ ~ 107? (3rd and 7th columns), € ~ 1 (4th and 8th columns), compared with respect to those 
for the hierarchical case € ~ 107* suggested by the diboson excess (2nd and 6th columns). 
The ranges were obtained via the redefined coefficients in Table 1, and implementing the 95% 
CL ranges from EWPD bounds, and the 90% CL limits from TGC, hV V-couplings and QGC 
constrains from Tables 5-6-7 and 8 respectively. One non-zero operator was assumed at a time. 
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